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ABSTRACT
The new generation of laser facilities is expected to deliver short (10 fs - 100 fs) laser pulses with 10 - 100 PW of peak power.
This opens an opportunity to study matter at extreme intensities in the laboratory and provides access to new physics. Here we
propose to scatter GeV-class electron beams from laser-plasma accelerators with a multi-PW laser at normal incidence. In
this configuration, one can both create and accelerate electron-positron pairs. The new particles are generated in the laser
focus and gain relativistic momentum in the direction of laser propagation. Short focal length is an advantage, as it allows the
particles to be ejected from the focal region with a net energy gain in vacuum. Electron-positron beams obtained in this setup
have a low divergence, are quasi-neutral and spatially separated from the initial electron beam. The pairs attain multi-GeV
energies which are not limited by the maximum energy of the initial electron beam. We present an analytical model for the
expected energy cutoff, supported by 2D and 3D particle-in-cell simulations. The experimental implications, such as the
sensitivity to temporal synchronisation and laser duration is assessed to provide guidance for the future experiments.
Introduction
Generating abundance of antimatter in laboratory is of great importance both for fundamental science and potential applications.
Several scenarios have been envisaged to create plasma clouds (or beams) with approximately equal number of electrons
and positrons, dense enough to exhibit collective behavior. The aim is to study their self-consistent dynamics in conditions
that match the ones the pair plasmas experience in space. Electron-positron pairs populate the magnetospheres of pulsars,
and are believed to participate in the formation of gamma-ray bursts1. It is therefore vital to study the collective processes
under extreme intensities, which may play a key role in the global dynamics of pulsar magnetospheres. Apart from laboratory
astrophysics, e+e− pairs have a number of other prospective applications that span from tests of fundamental symmetries in the
laws of physics and studies of antimatter gravity to the characterisation of materials2.
It is thus not surprising that a strong effort is placed towards generating electron-positron plasmas using high-power laser
technology. One of the most promising all-optical ways to accomplish this is via the non-linear Breit-Wheeler process3. In
Breit-Wheeler (BW) pair production, a particle emits a high-energy photon, that can possibly decay into an electron-positron
pair in an intense electromagnetic background. Such a strong background field can nowadays be produced by an intense
laser. A proof-of-principle experiment was performed at SLAC4, where BW pairs were produced in a collision of a 46.6 GeV
electron beam from a linear accelerator with a green laser at the intensity of 1018 W/cm2. Despite the resounding success of
the experiment, a very small fraction of electrons composing the beam gave rise to a hard γ-ray that would eventually decay
into a pair. The yield was too low to be used for a pair plasma study. On the other hand, several other laser experiments5–13
use Bethe-Heitler process for pair generation14. This is similar to the BW pair production, with one difference: a strong field
background is provided by the proximity of a high-Z nucleus instead of a high-power laser pulse. Positron creation is possible
also without using lasers15, 16. However, a challenge in such schemes is positron accumulation and storage, in addition to the
difficulty of recombining them with the electrons to later create an electron-positron flow.
Multi-PW laser facilities currently under construction17–20 will access the regime of prolific pair production21, 22. During
scattering with such intense laser beams, relativistic electrons emit high-frequency radiation through Compton scattering.
Recent milestone all-optical experiments scattered electrons with lasers at 180 degrees, and demonstrated the potential of the
state-of-the-art laser technology to generate x-rays and γ-rays23–27. A recent review on laser-wakefield acceleration-based light
sources can be found in Ref28 and the most recent results on multiphoton Thompson scattering in Ref29. All these experiments
were performed below the radiation reaction dominated regime, because the overall energy radiated by the interacting electrons
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Figure 1. Setup. (a) Perpendicularly moving electron beam interacts with the laser at the focus and creates new pairs; (b)
Some electrons and positrons obtain a momentum component parallel to the laser and start getting accelerated; (c) The laser
defocuses shutting down the interaction; this leaves the particles with the net energy gain from the laser. (d) A fraction of the
accelerated electrons and positrons distributed within the momentum space.
was small compared with the initial electron energy. By using more intense laser pulses (I ∼ 1022 W/cm2) or more energetic
electron beams, we will soon be able to convert a large fraction of the electron energy into radiation and access the regime of
quantum radiation reaction30–35. This is expected in the next few years, as 4 GeV electron beams have already been obtained
using a 16 J laser36 and the next generation of facilities is aiming to achieve laser intensities I > 1023 W/cm2. In such extreme
conditions, the energetic photons produced in the scattering can decay into electron-positron pairs37. Here we propose a
configuration that allows to both create and accelerate an electron-positron beam. An intense laser interacts with a relativistic
electron beam at 90 degrees of incidence (setup is illustrated in Fig. 1). The pair production efficiency here is slightly lower
than in a head-on collision. However, in a head-on collision the energy cutoff of the electron-positron beam is limited to the
initial energy of the interacting electrons, while at 90 degrees this is not the case. At 90 degrees of incidence, if generated with
a low energy, new particles can be trapped and accelerated in the laser propagation direction. If the created particles are very
energetic, they continue emitting hard photons to further feed the pair creation. Once their energy is low enough to be trapped,
they rapidly develop a momentum component parallel to the laser propagation direction that supresses the quantum interaction.
The creation and the acceleration phase are therefore decoupled. Due to the laser defocusing, the trapped particles remain in
the laser field only a fraction of a full oscillation cycle. This limits the maximum energy they can attain, but allows for a net
energy transfer in vacuum that would otherwise be impossible. We have developed a predictive analytical model for the energy
cutoff of the electron-positron flow generated in the electron-laser scattering. Our theory is supported by full-scale 2D and
3D particle-in-cell (PIC) simulations, where the quantum processes are modelled via an additional Monte-Carlo module. We
show that this setup produces a neutral electron-positron flow that can reach multi-GeV energies. The flow has a divergence of
about ∼ 30 mrad. A distinguishing aspect of this scheme is to produce at extreme intensities an equal number of electrons and
positrons that can be separated from the initial electron beam. The original electrons are, in fact, reflected before entering the
region of the highest laser intensity where most pairs are created. As a result, the pairs and the earlier reflected electrons move
in slightly different directions and can be collected separately.
Results
Pair generation and quantum parameters.
Laser intensity, electron energy and their relative angle of incidence determine whether classical or quantum processes dominate
the laser-electron interaction. One way to quantitatively distinguish between the two regimes is through a Lorentz-invariant
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dimensionless parameter χe, that is formally defined as38
χe =
√
(pµFµν)2/(Ecmc) (1)
Here, Ec = m2c3/(h¯c) is the critical field of electrodynamics that can perform a work of mc2 over the Compton length (and can
spontaneously create electron-positron pairs in vacuum), Fµν is the electromagnetic tensor, m, pµ are the electron mass and
4-momentum, and c is the speed of light. Physically, parameter χe represents the ratio of the electric field of the laser to Ec
when observed from the particle’s rest frame. For χe 1, the interaction between the laser and the particle is purely classical.
For χe 1, the interaction is quantum-dominated and one expects to create a vast number of electron-positron pairs through a
two-step Breit-Wheeler process.
Breit-Wheeler pair production is mediated by energetic photon emission through Compton scattering. A single photon
can carry a large fraction of the emitting particle’s energy. Later on, in the presence of an intense background field, a fraction
of such photons decays into electron-positron pairs. Analogously with χe, one can define a photon quantum parameter
χγ = h¯
√
(kµFµν)2/(Ecmc), where χγ of the emitted photon is always smaller than χe of the electron where the emission takes
place. The photon χγ can later grow if the photon moves to a region of a more intense electromagnetic field. There is no sharp
threshold for Breit-Wheeler pair production, but the rate at which the process occurs is exponentially suppressed for χγ  1
where the number of pairs scales as ∼ exp(−8χγ/3). Hence, electrons in the transition between the classical and the quantum
interaction regime (0.1 < χe < 1) are not expected to generate many photons that eventually decay into pairs. However, these
particles can convert a significant fraction of their energy into radiation, either in the form of a single energetic photon or
through emission of many low-energy photons.
We have mentioned previously that the electron χe in a background field depends on its direction of motion. From Eq. (1),
it is clear that different scattering angles can result in a different χe for otherwise the same electron beam and laser parameters.
This is a consequence of the Einstein’s theory of relativity: the laser field amplitude has a certain value in the laboratory frame,
but this value is higher or lower in another reference frame. For the pair production to occur, the laser field is required to be on
the order of Ec in the electron’s rest frame. One can, therefore, exploit a relativistic velocity of the electron beam to increase the
effective laser intensity as perceived by the particles. The most favourable configuration for obtaining high values of χe is a
scattering where the laser and the electron beam are anti-parallel. A simplified form of Eq. (1) for a counter-propagating electron
is χe ' 2γ0a0× h¯ω0/(mc2), where γ0 is the Lorentz factor, ω0 is the laser frequency and a0 = 0.85
√
I[1018 W/cm2] λ0[µm]
is the normalized vector potential of the laser field. For a co-propagating particle this value is χe ' (a0/(2γ0))× h¯ω0/(mc2),
while for the interaction at 90 degrees χe ' γ0a0× h¯ω0/(mc2). For example if a 1 GeV particle beam counter-propagates
with a laser field of intensity of 1023 W/cm2, χe ≈ 2, for co-propagation χe ≈ 1.4×10−7 and for interaction at 90 degrees
χe ≈ 1. Therefore, a co-propagating particle interacts classically with the laser, while a counter propagating particle is in a fully
quantum regime of interaction. The famous SLAC-E144 experiment4 was performed with χe = 0.3.
Energetic photons (e.g. gamma-rays) are emitted by relativistic particles in the direction of particle propagation (more
accurately, within a cone whose pitch angle scales as θ ∼ 1/γ). The same is true when a photon decays into a pair of particles:
due to the 4-momentum conservation, the new particles share almost the same propagation direction with the decaying photon.
From that, it follows that if the electron bunch interacts with the laser at 90 degrees of incidence, the photons are also emitted at
90 degrees, and the pairs they produce also move in the same direction. This process continues until some particles are left with
the energy small enough such that the laser rapidly introduces a parallel momentum higher than the perpendicular component
and suppresses the quantum interaction.
As we will see later, the particles with the lowest initial energies have a potential to attain the highest energy in the end. A
conservative estimate for the lowest energy available at the time of creation through the Breit-Wheeler process corresponds to
the electrons and positrons with χe ' 0.1. One can obtain such particles either by creating them directly, or through classical or
quantum radiation reaction. Below χe = 0.1, the radiation reaction is too weak to induce a significant energy loss on a particle
within a short interaction time (on the order of tens of femtoseconds for a particle interacting at 90 degrees of incidence with
a laser focused on a few µm spot size). One can therefore not guarantee the presence of particles with initial χe < 0.1, even
though having such particles in the system is possible.
Particle acceleration and pulse defocusing. Prediction for the e+e− energy cutoff.
We will now discuss how the particles can be accelerated in the field of the same laser that has provided the intense background
for their creation. Lawson-Woodward theorem states that an unbounded plane wave in vacuum cannot provide net acceleration
over an infinite interaction time39, 40. For the acceleration to occur, at least one condition of the Lawson-Woodward theorem
must be violated. This can be achieved, for example, by introducing a background gas in the interaction region, or using
optical components41 or oblique gratings42 to limit the interaction distance. Vacuum acceleration of particles has been proposed
previously in the field of two crossed laser beams41, 43, or with higher-order Gaussian beams41. Here, we exploit the fact that
the laser is a tightly focused Gaussian beam to accelerate particles. This concept was proposed previuosly for lasers focused
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beyond the diffraction limit, where electrons were injected externally44. However, in our case, a large fraction of new particles
is generated in the laser focus, the region of the highest electromagnetic energy density. These particles can have an arbitrary
initial phase and are created with a relativistic momentum (in the direction of propagation of the decaying photon). The newly
born electrons and positrons start oscillating within the laser field. As the laser is spatially bounded, some particles do not have
time to complete a full oscillation cycle before they leave the region of the intense field where they are created. They can leave
the intense field region either laterally (by moving away from the laser axis) or longitudinally (by propagating further than the
Rayleigh length). The limited interaction time due to the spatial bounds of the high-intensity region allows particles to obtain
net acceleration in vacuum.
It is important to note that the pair generation process is decoupled from the particle forward acceleration (in the direction
of laser propagation). Once particles acquire a momentum component parallel to the laser axis, this naturally suppresses their
quantum parameter (χe ∝ a0/γ for co-propagating particles). By changing the direction of the momentum vector, quantum
effects become quenched and classical relativistic interaction with the laser takes over. One can, therefore, apply the Landau &
Lifshitz equation of motion45 for the particle forward acceleration.
Classical particle motion in a plane wave can be described analytically, even in cases when the radiation reaction is of
relevance. There exists an exact solution for a particle born at an arbitrary phase of the plane wave46. We use this solution as a
base, to which we later introduce corrections for the acceleration in a focused laser pulse. Below we give a flavor of the main
ideas and crucial steps, while a more precise description of the procedure is found in the Supplementary Material47.
Energy gain in a plane electromagnetic wave depends on the initial and the final phase of the particle within the wave,
laser intensity and the particle initial energy. We assume that the initial particle momentum is perpendicular to both, the laser
propagation direction and the electric field of the laser. Under these conditions, one can estimate the maximum attainable
instantaneous energy to be
Emax
mc2
=
2a20
γ0
. (2)
The maximum possible energy Emax is inversely proportional to the initial Lorentz factor γ0 because γ0 affects the phase
slippage between the particle and the wave during forward acceleration. Within the same wave, a particle with a lower initial
energy has a potential to obtain a higher final energy. However, the actual acceleration achieved also depends on the initial and
the final phase within the wave. One obtains Emax just for the most favourable case, for which the interaction stops exactly
when I(φ) = 4 (c.f.47). This is an idealistic view, as the interaction in realistic conditions does not have a sharp, but a gradual
shutdown. The value Emax can, however, serve as an estimate for a beam energy cutoff. After a certain time of interaction tacc,
the e+e− beam is expected to have a continous spectrum with all particles in the energy range 0 < E < Emax. Here, tacc is the
time required for a particle in best conditions for acceleration to reach the maximum energy Emax.
Following the analysis from the previous section, we assume the lowest available initial energy γ0 in the system corresponds
to the electron quantum parameter χe = 0.1. Using the simplified χe definition for interaction at normal incidence, we can
relate the lowest γ0 with the laser intensity:
γ0 ' 5×104/a0. (3)
The maximum attainable energy then depends only on the available laser intensity: Emax = 4× 10−5a30 mc2. A natural
conclusion follows: the more intense the laser is, the more energetic e+e− pairs one can obtain. However, as we mentioned
before, the acceleration is not immediate. The acceleration length required to reach the maximum energy in the field of a
plane wave is given by lpwa = 3a20λ0/(8γ
2
0 ). For example, if we have a laser at I = 10
23 W/cm2 and λ0 = 1 µm, a maximum
attainable energy would be Emax = 5.7×104 mc2. But, 80 µm of propagation would be required to obtain that energy. It is clear
that even the most powerful laser facilities currently under construction17 will not be able to provide such a long acceleration
distance. The intensity on the order of 1023 W/cm2 will be achieved by focusing the laser to a tiny waist W0, which will result
in a quick laser defocusing characterized by the Rayleigh length RL = piW 20 /λ0. For example, a laser focused to a spotsize of
W0 = 3 µm, has the Rayleigh length RL = 28 µm, which is much smaller than the required acceleration distance lpwa = 80 µm.
The particles will not spend enough time in the vicinity of the peak of the laser field to reach Emax = 5.7×104 mc2.
However, if we know the focusing parameters of the laser beam, we can estimate the correction to the expected energy
cutoff for the e+e− beam. To this end, we have studied test particle motion in 3D, with the focused laser pulse field defined
as in Ref.48. The detailed analysis presented in Supplemental Material47 shows that there are several cases to consider. If
lpwa RL, the acceleration is completed before the laser defocuses significantly. We therefore assume that for RL > 10 lpwa,
the cutoff energy of the beam is unaltered: Ecutoff = Emax. If lpwa & RL, then the field intensity varies during the acceleration
time and the realistic energy cutoff, in this case, is lower than the theoretical maximum Emax. If RL < lpwa, one can approximate
the decrease in cutoff energy as (c.f. Suppl. material47):
Ecutoff = Emax
√
0.5 RL/lpwa, (4)
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Figure 2. Momentum spaces of the generated positrons from 2D QED simulations with lasers of a0 = 400, 600, 800 and
1000 where p|| is the momentum in the direction of laser propagation, and p⊥ is the momentum in the initial electron beam
propagation direction. The laser duration is 150 fs, and the waist W0 = 3.2 µm. Full line denotes the plane wave interaction
energy cutoff determined by Eqs. (2) and (3); dash-dot line represents the cutoff given by Eq. (5) expected in 3D due to laser
defocusing.
where the ratio between the Rayleigh length and the acceleration distance is given by RL/lpwa = (8pi/3)(γ0/a0)2(W0/λ0)2. It
follows from here that for arbitrarily low initial Lorentz factor γ0, the maximum attainable energy given by Eq. (4) depends
only on the laser parameters and for a laser with λ0 = 1 µm can be expressed as:
Ecutoff [MeV]' 2a0 W0 [µm]. (5)
We reach the conclusion that the particle acceleration has two possible limits. One is a plane wave acceleration limit
dependent on the laser intensity and initial Lorentz factor given by Eq. (2), and the other one that depends only on the laser
parameters given by Eq. (5). Depending on the energy of the particles born within the laser field, the lowest of the two limits
determines the actual cutoff.
QED-PIC simulations of particle generation and acceleration. Effect of 3D geometry and long propagation
distance on acceleration of self-created e+e− beam.
The ideas presented in the previous section can be confirmed by full-scale QED-PIC simulations, that model the e+e− pair
creation and subsequent acceleration beyond the Rayleigh length. We have performed a set of simulations in 2D geometry,
for lasers with λ0 = 1 µm, W0 = 3.2 µm and duration of t = 150 fs. Figure 2 shows a momentum space in the realistic aspect
ratio for the self-created e+e− beam at several different laser intensities. The lines denote the maximum parallel momentum
consistent with the analytical prediction for the energy cutoff given by Eqs. (2) and (5). Two-dimensional QED-PIC simulations
show the newly created particles get accelerated while trapped within the intense part of the laser field. The initial direction of
propagation of the electron beam is not imprinted in the high-energy section of the pair momentum space (as can be confirmed
in Fig. 2). The reason is that the particles with lowest initial energies populate the high-end of the energy spectrum. They
obtain transverse momentum due to the wavefront curvature (particles are accelerated in the direction of the local~k vector)
that is much higher than their initial momentum. The particles with low p‖ in Fig. 2 are created with high p⊥ and can have a
preferential p⊥ towards the initial electron propagation direction (hence a slight asymmetry in Fig. 2, especially for low values
of a0). The beam remains, however, with a low divergence of ∼30 mrad. Energies up to 9 GeV were obtained with a0 = 1000
(see Fig. 3a). Above 2 GeV, the spectrum has an equal number of positrons and electrons. The differences between the electron
and positron spectra in the low-energy section are due to the initial electron beam (the spectrum contains all the particles
in the simulation box). The electrons from the initial beam can continue propagating forward, having lost a portion of their
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Figure 3. (a) Electron and positron spectra for 150 fs lasers at several intensities. The number of electrons and positrons in
the beam with the energy above 2 GeV is approximately equal. (b) Electron and positron density integrated over the main laser
propragation direction for a0 = 1000. Pairs are spatially separated from the initial electron beam that cannot penetrate into the
highest intensity region. The e+ e− bunch and the e− beam continue propagating away from one another.
energy to photons (as depicted in Fig. 1). Another option is that the electrons lose enough energy to get reflected by the laser
field backwards, or get trapped and accelerated forward the same way as the pairs. In our case, for intensities a0 > 600, most
electrons lose energy so rapidly that they never get to interact with the peak of the field - they get reflected sooner. The result is
a spatial separation between the pairs that were created in the peak field and the initial electrons. One can therefore collect a
neutral electron-positron beam on the detector by applying an appropriate aperture. This can be confirmed in Fig. 3b, where the
e+e− bunch has already separated spatially from the electron beam (the two density peaks propagate away from one another).
A natural question to arise is whether the newly-created particles are accelerated the same way when they are allowed to
move in all three spatial directions. As it is known, the electromagnetic fields decay differently in 2D and 3D geometry, and it
is vital to perform 3D simulations to assess the viability of future experiments. In addition, full 3D field structure could affect
particle trapping and the effective interaction time.
Unfortunately, it is not possible to perform full-scale 3D QED simulations for a sufficiently long propagation distance
to obtain a satisfactory estimate of the e+e− properties far away from the laser focus. But, to add fidelity to our previous
conclusions, we can make use of the fact that the pair generation is temporally decoupled with the acceleration process. This is
not strictly true for the entire beam, but on the level of individual particles, it is a reasonable enough assumption. If a particle
is created with a sufficiently low energy, we assume it does not contribute to further pair generation and its trajectory can be
treated classically. If it is created with a large momentum (that provides χe & 1), then this particle has a significant probability
to radiate an energetic photon and contribute in creating a new pair. However, after this process has been repeated several times,
the initial and all subsequently generated particles have the energy low enough to start the classical interaction.
Laser defocusing and the beam evolution in the simulation are illustrated in Fig 4. Here, the laser duration is 150 fs, and
the figure shows three distinct instants of time. One striking fact is that the initial propagation direction is not a preferential
direction of lateral escape for the particles. This is well illustrated in Fig. 4b, where all directions perpendicular to the laser
propagation seem to be equivalent. The particle density isosurface shows a certain curvature. It is clear that the ponderomotive
force due to the slowly-varying laser envelope could not have created such a curvature at the central point of the laser. However,
as particles move away from the focal plane, the wavefront of the field they experience becomes curved. This means that their
acceleration in the laser direction of propagation (perpendicular to the wavefront) can introduce curvature in the final particle
density distribution. Figure 4c shows that after some time, the particle density is not cylindrically symmetric but elongated in
the laser polarisation direction. This is due to the transverse momentum obtained within the laser field.
We can now evaluate how long it takes for the particle momentum/energy distribution to stabilize. Figure 5a shows the
momentum in laser propagation directions for particles initialized within a 150 fs laser. The distributions displayed correspond
to the times after the laser central point has propagated 50 µm, 100 µm, 150 µm and 200 µm away from the focal plane.
One sees that the higher energy end of the particle momentum distribution does not change significantly after the propagation
beyond 50 µm. This is not surprising, because the Rayleigh length for this laser is RL ' 32 µm, and most of the acceleration
occurs close to the focus. The differences in the number of particles in the low-energy range are due to the particles leaving the
simulation box. Figure 5b shows the parallel momentum distribution of an identical particle beam like in panel a), but in the
field of a shorter (30 fs) laser. The cutoff is of the same order and the conclusions about the propagation distance are similar as
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Figure 4. 3D simulations of long e+e− beam propagation within a 150 fs laser beam with W0 = 3.2 µm. The e+e− beam is
initially at the laser focus, with an initial momentum at 90 degrees from the laser propagation direction. Average Lorentz factor
is < γ >= 250 with a large energy spread of 50% to mimic the distribution of the self-created particles. Laser peak a0 = 600.
The red isosurfaces correspond to the local field amplitude of a0 = 100, the yellow ones correspond to a0 = 20 while the green
isosurfaces correspond to a0 = 10. (a) t = 32 ω−10 (b) t = 112 ω
−1
0 (c) t = 352 ω
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represent Ecutoff given by Eq. 5, and dashed lines represent Ecutoff/
√
2. The shown results are for τ = 150 fs.
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Figure 6. Number of generated pairs N(e+e−) divided by the initial number of electrons N0(e−) as a function of time. (a) We
vary the laser intensity for a fixed laser duration of 150 fs. (b) We keep the laser intensity fixed while varying the duration. Red
lines show the interaction in focus, with perfect temporal synchronization (the centre of the interacting e− beam overlaps with
the laser perfectly in the moment when the highest intensity section of the laser reaches the focus). Black lines are for a
non-ideal temporal synchronization (the e− beam is in the laser focus at the instant of time when the peak of the laser intensity
is 4 µm away from the focal plane).
before. This is not surprising, as the particles that reach the highest energies are nearly phase-locked with the laser for a while
(the interaction lasts a fraction of the cycle in the frame co-moving with the laser), and then escape laterally. The laser temporal
envelope cannot have a strong effect on their acceleration in such conditions.
Figure 5c shows the energy cutoff from 3D simulations as a function of a0 and W0. The coloured regions show where we
expect the cutoff if we have low enough γ0 in the system. Upper bound for Ecutoff is given by Eq. (5) and shown with full lines.
Lower bound (dashed lines) is given by Ecutoff/
√
2, which represents the maximum energy attainable by a particle born exactly
at the centre of the pulse (c. f. Supplemental Material47). For W0 = 3.2 µm and W0 = 5 µm, the maximum energy obtained in
the 3D simulations is exactly given by Eq. (5). For W0 = 10 µm, the values are slightly below the maximum possible value, but
within the expected region. One should, in principle, be able to achieve the maximum given by Eq. (5) for W0 = 10 µm by
varying the initial conditions.
It is noteworthy that for a0 > 600, the cutoff prescribed by Eq. (5) is lower than what we obtain in 2D QED simulations,
while for a0 = 400 it is higher than that. Due to the slower field fallout in 2D, the effective interaction time is longer, so the 2D
simulation cutoff is expected to be higher than the 3D cutoff predicted by Eq. (5). However, this is not neccesarily true at lower
laser intensities, because there may be too few particles generated with low values of γ0. In that case, Eq. (2) with the lowest
available γ0 within the laser focus determines the maximum asymptotic energy in the system (as can be confirmed from Fig. 2).
Number of pairs in the e+e− spectrum; the importance of laser duration and temporal synchronization
As we have seen in the previous section, the energy spectrum cutoff given by Eqs. (2) or (5) depends on the laser intensity, and
does not significantly change if one uses a shorter pulse. Nevertheless, the laser duration is important for the total number of
pairs one can create in this setup. To illustrate this, we now return to the QED-PIC simulations. Figure 6 shows the number of
pairs generated per initial electron as a function of time. With a 150 fs laser at a0 = 800 and W0 = 3.2 µm, one can generate a
pair per 45% of initial 0.5 GeV electrons. As expected, the number of generated pairs is higher for higher laser intensities.
Figure 6 b) shows that for a fixed laser intensity a0 = 600, shorter lasers generate fewer pairs than the longer ones. This is
obviously expected for counter-propagating scattering configurations because the interaction time is longer. However, here the
interaction is at 90 degrees, where the time of a single electron within the laser field is determined by the width of the focal
spot, rather than the laser duration. But, the electron beam has spatial dimensions, and not all the electrons interact with the
laser at its peak intensity. If a laser has a longer temporal envelope, the intensity around the focus drops slower. This gives a
chance for more electrons to interact with high laser intensities. Similar ideas apply to the fact that the number of pairs is more
sensitive to the temporal synchronization for shorter laser pulses, which is also shown in Fig. 6b. It is, therefore, better to use a
longer laser pulse to perform this experiment if one has access to the same laser intensity.
Even though the acceleration itself is not that affected by the pulse duration, the initial distribution of pairs at creation time
is different (a longer pulse creates more particles overall and has more particles sampling the low-energy range). This results in
a slightly different shape of the energy spectrum, and in some cases a different cutoff (please note that the conclusion in the
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previous section about the same cutoff for different pulse durations was drawn from the same initial pair distribution). This can
be illustrated at the e+e− spectrum after the acceleration is completed for a laser intensity corresponding to a0 = 600. For a
150 fs pulse, 22% of the total pairs have forward kinetic energy above 1 GeV, while 15 % of pairs are in such conditions for a
30 fs pulse and only 10% for a 15 fs pulse. With a 150 fs laser, for a0 = 800, 59 % of pairs are in the part of the spectrum above
1 GeV and 25 % above 2 GeV. For a0 = 1000, 78 % particles are above 1 GeV and 55 % above 2 GeV. The measurements are
taken after 50 µm of propagation from the focus beyond which the distribution does not significantly change (as confirmed by
Fig. 5).
Discussion
A new generation of laser facilities will be able to create and accelerate electron-positron beams to multi-GeV energies. The
setup we propose in this manuscript will allow generating for the first time a neutral, highly-collimated relativistic flow of
electron-positron pairs in the laboratory. The total number of pairs is tunable by varying the interacting electron energy. We
have studied in detail the case starting with a 1 GeV electron beam, where producing one positron per interacting electron
requires a laser intensity above 1023 W/cm2 (a0 ' 1000). However, for the same laser waist W0 = 3 µm, a 3 GeV electron
beam can generate 1.8 pairs per electron with a a0 = 600, and a 4 GeV beam produces 1.2 pairs per electron already with
a0 = 400. Bearing in mind that 4 GeV electron beams are current state-of-the-art36, and the laser-wakefield electron beams
envisaged for the near future will have charge & 10 nC49, it will be possible to generate a neutral pair plasma tens of skin depths
wide in each direction. These electron-positron pairs can be accelerated to energies well above 1 GeV, and above the energy of
the initial scattering electrons. Generating such beams is of fundamental interest as a step towards future positron accelerators.
The proposed setup can be used as an all-optical source directly, or to generate seed particles that can be accelerated further
using other acceleration techniques.
Methods
Particle-in-cell
codes use Maxwell’s equations discretized on a grid to advance the electromagnetic fields. Charge density is sampled by a
list of macro-particles moving in the 6D phase space. The electromagnetic fields are interpolated from the grid to the particle
positions, and their momenta are updated according to the Lorentz force (or Landau & Lifshitz equation of motion if radiation
reaction is relevant for the simulation). The currents produced by moving charges are deposited on the grid nodes, where the
electromagnetic fields are advanced in the next iteration. Laser pulses are initialized assuming the paraxial approximation.
Detailed implementation techniques for OSIRIS can be found in Ref.50.
QED PIC module
A Monte-Carlo module that accounts for the photon emission and Breit-Wheeler pair produciton is implemented as an addition to
the standard PIC loop of OSIRIS. Energetic photons are initialised as an additional particle species. The differential probability
rate of photon emission for nonlinear Compton scattering is given by d2P/(dtdχγ) = αmc2/(
√
3pi h¯γχe)× [η˜ K2/3(χ˜)−∫ ∞
χ˜ dx K1/3(x)], where α = e2/(h¯c) is the fine structure constant, γ is the Lorentz factor of the emitting electron, K is the
modified Bessel funciton of the second kind, η˜ =(χ2e +(χe−χγ)2)/(χe(χe−χγ)) and χ˜ = 2χγ/(3χe(χe−χγ)). The differential
rate of pair production by a photon in a background electromagnetic field is given by d2P/(dtdχe) = αm2c4/(
√
3pi h¯2ωχγ)×
[η˜ K2/3(χ˜) +
∫ ∞
χ˜ dx K1/3(x)], where h¯ω is the energy of the decaying photon, η˜ = (χ2e + (χγ − χe)2)/(χe(χγ − χe)) and
χ˜ = 2χγ/(3χe(χγ −χe)). These emission rates are found in Refs51–53. OSIRIS QED has been used previously in Refs.35, 54–56.
A similar method for incorporating BW pair production is used in several other codes57–65.
Details on modelling the acceleration stage
To describe the classical acceleration, one can initialize an electron-positron beam already within the laser field, moving at an
angle of 90 degrees compared to the laser direction of propagation. To mimic the conditions of the self-created electron-positron
beam at the laser focus, one should initialize the energy distribution as close as possible to the one we observe in 2D simulations
that include QED processes. The advantage of this approach is that it is now possible to perform the simulations with the
standard PIC algorithm, that is faster and does not require a timestep as small as in the QED-PIC simulations. This allows
evaluating how the beam evolves within the laser field in 3D for long propagation distances. The approximations of this
approach are that particles are assumed to be created all at the same time and the acceleration starts immediately. Also, all
values for the initial phase φ0 within the laser are taken with equal probability, whereas in QED the particles are more likely to
be created (or radiate) in the regions where the electric field is close to its peak value. But, this still samples an arbitrary initial
phase and therefore all possible individual particle outcomes. These particles can be accelerated forward and escape laterally
from the laser field. Even though due to the above approximations we do not expect the spectrum to be exactly the same as in
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QED simulations, we can estimate how long it takes for the acceleration to be completed and for the spectrum to stabilize (by
allowing the particles to move far enough from the intense field region).
Simulation parameters
All 2D simulations are performed with OSIRIS QED. The box is 160 µm long and 80 µm wide, resolved with 10000×2500
cells. Total simulation time is 210 fs, with a timestep of dt = 0.53 as. Laser normalised vector potential is varied between
a0 = 400 and a0 = 1000 and the laser is polarised in the x1 direction. Three laser durations are used: 15 fs, 30 fs and 150 fs.
The interacting electron beam initially moves perpendicularly to both, the laser propagation and polarisation direction. The
direction of the electron beam propagation is within the focal plane of the laser. The electron beam is initialised as a Gaussian
density distribution, 3.2 µm wide at FWHM with a peak density of n = 0.01 nc. The central kinetic energy of the beam is
0.5, 1 or 2 GeV. The 3D simulations of long e+e− propagation are performed with the standard OSIRIS algorithm using the
moving window and taking radiation reaction into account. The simulation box is 160 µm long and 127 µm×127 µm wide
resolved with 5040×2040×2040 cells. Total simulation time is 3.190 ps with a timestep of 0.08 fs. The laser is initialised at
the focus with the peak normalised potential varied between a0 = 400 and a0 = 1000, and waist sizes of W0 = 3.2 µm, 5µm
and 10 µm. Two laser durations considered were 30 fs and 150 fs. The electron-positron beam overlaps with the laser at the
focus and has an initial energy of 125 MeV (a Gaussian distribution with about 50% energy spread) to mimic the distribution of
the Breit-Wheeler pairs created in the 2D QED simulations.
References
1. Me´sza´ros, P. Theories of gamma-ray bursts. Annu. Rev. Astron. Astrophys. 40, 137–169 (2002). DOI 0.1146/an-
nurev.astro.40.060401.093821.
2. Danielson, J. R., Dubin, D. H. E., Greaves, R. G. & Surko, C. M. Plasma and trap-based techniques for science with
positrons. Rev. Mod. Phys. 87, 247–306 (2015). DOI 10.1103/RevModPhys.87.247.
3. Breit, G. & Wheeler, J. A. Collision of two light quanta. Phys. Rev. 46, 1087–1091 (1934). DOI 10.1103/PhysRev.46.1087.
4. Burke, D. L. et al. Positron production in multiphoton light-by-light scattering. Phys. Rev. Lett. 79, 1626–1629 (1997).
DOI 10.1103/PhysRevLett.79.1626.
5. Gahn, C. et al. Generating positrons with femtosecond-laser pulses. Appl. Phys. Lett. 77, 2662–2664 (2000). DOI
10.1063/1.1319526.
6. Gahn, C. et al. Generation of mev electrons and positrons with femtosecond pulses from a table-top laser system. Phys.
Plasmas 9, 987–999 (2002). DOI 10.1063/1.1446879.
7. Chen, H. et al. Relativistic positron creation using ultraintense short pulse lasers. Phys. Rev. Lett. 102, 105001 (2009).
DOI 10.1103/PhysRevLett.102.105001.
8. Chen, H. et al. Relativistic quasimonoenergetic positron jets from intense laser-solid interactions. Phys. Rev. Lett. 105,
015003 (2010). DOI 10.1103/PhysRevLett.105.015003.
9. Cowan, T. et al. High energy electrons, nuclear phenomena and heating in petawatt laser-solid experiments. Laser Part.
Beams 17, 773–783 (1999).
10. Chen, H. et al. The scaling of electron and positron generation in intense laser-solid interactions. Phys. Plasmas 22,
056705 (2015). DOI 10.1063/1.4921147.
11. Chen, H. et al. Scaling the yield of laser-driven electron-positron jets to laboratory astrophysical applications. Phys. Rev.
Lett. 114, 215001 (2015). DOI 10.1103/PhysRevLett.114.215001.
12. Sarri, G. et al. Generation of neutral and high-density electron-positron pair plasmas in the laboratory. Nat. Commun. 6,
6747 (2015). DOI 10.1038/ncomms7747.
13. Sarri, G. et al. Table-top laser-based source of femtosecond, collimated, ultrarelativistic positron beams. Phys. Rev. Lett.
110, 255002 (2013). DOI 10.1103/PhysRevLett.110.255002.
14. Bethe, H. & Heitler, W. On the stopping of fast particles and on the creation of positive electrons. In Proceedings of
the Royal Society of London A: Mathematical, Physical and Engineering Sciences, vol. 146, 83–112 (The Royal Society,
1934).
15. Greaves, R. G., Tinkle, M. D. & Surko, C. M. Creation and uses of positron plasmas*. Phys. Plasmas 1, 1439–1446 (1994).
URL http://dx.doi.org/10.1063/1.870693. DOI 10.1063/1.870693.
10/16
16. Pedersen, T. S. et al. Plans for the creation and studies of electron–positron plasmas in a stellarator. New J. Phys. 14,
035010 (2012). DOI 10.1088/1367-2630/14/3/035010.
17. ELI Science and Technology with Ultra-Intense Lasers WHITEBOOK (Andreas Thoss, 2011).
18. Heinzl, T. & Ilderton, A. Exploring high-intensity qed at eli. The Eur. Phys. J. D 55, 359–364 (2009). DOI
10.1140/epjd/e2009-00113-x.
19. Turcu, I. C. E. et al. High field physics and qed experiments at eli-np. Romanian Reports Phys. 68, S146 (2016).
20. Weber, S. et al. P3: An installation for high-energy density plasma physics and ultra-high intensity laser–matter interaction
at eli-beamlines. Matter Radiat. at Extrem. 2, 149 – 176 (2017). DOI http://dx.doi.org/10.1016/j.mre.2017.03.003.
21. Kirk, J. G., Bell, A. R. & Arka, I. Pair production in counter-propagating laser beams. Plasma Phys. Control. Fusion 51,
085008 (2009).
22. Di Piazza, A., Muller, C., Hatsagortsyan, K. Z. & Keitel, C. H. Extremely high-intensity laser interactions with fundamental
quantum systems. Rev. Mod. Phys. 84, 1177–1228 (2012). DOI 10.1103/RevModPhys.84.1177.
23. Ta Phuoc, K. et al. All-optical compton gamma-ray source. Nat. Photon. 6, 308–311 (2012). DOI 10.1038/nphoton.2012.82.
24. Sarri, G. et al. Ultrahigh brilliance multi-mev γ-ray beams from nonlinear relativistic thomson scattering. Phys. Rev. Lett.
113, 224801 (2014). DOI 10.1103/PhysRevLett.113.224801.
25. Chen, S. et al. Mev-energy x rays from inverse compton scattering with laser-wakefield accelerated electrons. Phys. Rev.
Lett. 110, 155003 (2013). DOI 10.1103/PhysRevLett.110.155003.
26. Powers, N. D. et al. Quasi-monoenergetic and tunable x-rays from a laser-driven compton light source. Nat. Photon. 8,
28–31 (2014). DOI 10.1038/nphoton.2013.314.
27. Khrennikov, K. et al. Tunable all-optical quasimonochromatic thomson x-ray source in the nonlinear regime. Phys. Rev.
Lett. 114, 195003 (2015). DOI 10.1103/PhysRevLett.114.195003.
28. Albert, F. & Thomas, A. G. R. Applications of laser wakefield accelerator-based light sources. Plasma Phys. Control.
Fusion 58, 103001 (2016).
29. Yan, W. et al. High-order multiphoton thomson scattering. Nat. Photon. advance online publication (2017). DOI
10.1038/NPHOTON.2017.100.
30. Blackburn, T. G., Ridgers, C. P., Kirk, J. G. & Bell, A. R. Quantum radiation reaction in laser–electron-beam collisions.
Phys. Rev. Lett. 112, 015001 (2014). DOI 10.1103/PhysRevLett.112.015001.
31. Neitz, N. & Di Piazza, A. Stochasticity effects in quantum radiation reaction. Phys. Rev. Lett. 111, 054802 (2013). DOI
10.1103/PhysRevLett.111.054802.
32. Di Piazza, A., Hatsagortsyan, K. Z. & Keitel, C. H. Quantum radiation reaction effects in multiphoton compton scattering.
Phys. Rev. Lett. 105, 220403 (2010). DOI 10.1103/PhysRevLett.105.220403.
33. Dinu, V., Harvey, C., Ilderton, A., Marklund, M. & Torgrimsson, G. Quantum radiation reaction: From interference to
incoherence. Phys. Rev. Lett. 116, 044801 (2016). DOI 10.1103/PhysRevLett.116.044801.
34. Yoffe, S. R., Kravets, Y., Noble, A. & Jaroszynski, D. A. Longitudinal and transverse cooling of relativistic electron beams
in intense laser pulses. New J. Phys. 17, 053025 (2015).
35. Vranic, M., Grismayer, T., Fonseca, R. A. & Silva, L. O. Quantum radiation reaction in head-on laser-electron beam
interaction. New J. Phys. 18, 073035 (2016).
36. Leemans, W. P. et al. Multi-gev electron beams from capillary-discharge-guided subpetawatt laser pulses in the self-trapping
regime. Phys. Rev. Lett. 113, 245002 (2014). DOI 10.1103/PhysRevLett.113.245002.
37. Lobet, M., Davoine, X., d’Humie`res, E. & Gremillet, L. Generation of high-energy electron-positron pairs in the collision
of a laser-accelerated electron beam with a multipetawatt laser. Phys. Rev. Accel. Beams 20, 043401 (2017). DOI
10.1103/PhysRevAccelBeams.20.043401.
38. Ritus, V. Quantum effects of the interaction of elementary particles with an intense electromagnetic field. J. Sov. Laser
Res. 6, 497–617 (1985). DOI 10.1007/BF01120220.
39. Lawson, J. D. Lasers and accelerators. IEEE Transactions on Nucl. Sci. 26, 4217–4219 (1979). DOI
10.1109/TNS.1979.4330749.
40. Woodward, P. M. A method of calculating the field over a plane aperture required to produce a given polar diagram. J. Inst.
Electr. Eng. 93, 1554–1558 (1947).
11/16
41. Esarey, E., Sprangle, P. & Krall, J. Laser acceleration of electrons in vacuum. Phys. Rev. E 52, 5443–5453 (1995). DOI
10.1103/PhysRevE.52.5443.
42. Palmer, R. B. A laser-driven grating linac. Part. Accel. 11, 81–90 (1980).
43. Sprangle, P., Esarey, E., Krall, J. & Ting, A. Vacuum laser acceleration. Opt. Commun. 124, 69 – 73 (1996). DOI
http://dx.doi.org/10.1016/0030-4018(95)00618-4.
44. Salamin, Y. I. & Keitel, C. H. Electron acceleration by a tightly focused laser beam. Phys. Rev. Lett. 88, 095005 (2002).
DOI 10.1103/PhysRevLett.88.095005.
45. Landau, L. D. & Lifshitz, E. M. The Classical Theory of Fields (Butterworth Heinemann, 1975).
46. Di Piazza, A. Exact solution of the landau-lifshitz equation in a plane wave. Lett. Math. Phys. 83, 305–313 (2008). DOI
10.1007/s11005-008-0228-9.
47. Supplementary material.
48. Quesnel, B. & Mora, P. Theory and simulation of the interaction of ultraintense laser pulses with electrons in vacuum.
Phys. Rev. E 58, 3719–3732 (1998). DOI 10.1103/PhysRevE.58.3719.
49. Martins, S. F., Fonseca, R. A., Lu, W., Mori, W. B. & Silva, L. O. Exploring laser-wakefield-accelerator regimes for
near-term lasers using particle-in-cell simulation in lorentz-boosted frames. Nat. Phys. 6 (2010). DOI 10.1038/NPHYS1538.
50. Fonseca, R. A. et al. OSIRIS: A three-dimensional, fully relativistic particle in cell code for modeling plasma based
accelerators, vol. 2331 (Springer Berlin / Heidelberg, 2002).
51. Nikishov, A. I. & Ritus, V. I. Pair production by a photon and photon emission by an electron in the field of ultra intense
electromagnetic wave and in a constant field. Sov. Phys. JETP 25, 1135 (1967).
52. Baier, V. & Katkov, V. Quantum effects in magnetic bremsstrahlung. Phys. Lett. A 25, 492 – 493 (1967). DOI
http://dx.doi.org/10.1016/0375-9601(67)90003-5.
53. Klepikov, N. P. Emission of photons or electron-positron pairs in magnetic fields. Zhur. Esptl. i Teoret. Fiz. 26 (1954).
54. Grismayer, T., Vranic, M., Martins, J. L., Fonseca, R. A. & Silva, L. O. Seeded qed cascades in counterpropagating laser
pulses. Phys. Rev. E 95, 023210 (2017). DOI 10.1103/PhysRevE.95.023210.
55. Grismayer, T., Vranic, M., Martins, J. L., Fonseca, R. A. & Silva, L. O. Laser absorption via quantum electrodynamics
cascades in counter propagating laser pulses. Phys. Plasmas 23, 056706 (2016). DOI dx.doi.org/10.1063/1.4950841.
56. Vranic, M., Grismayer, T., Fonseca, R. A. & Silva, L. O. Electron–positron cascades in multiple-laser optical traps. Plasma
Phys. Control. F. 59, 014040 (2017).
57. Elkina, N. V. et al. Qed cascades induced by circularly polarized laser fields. Phys. Rev. ST Accel. Beams 14, 054401
(2011). DOI 10.1103/PhysRevSTAB.14.054401.
58. Ridgers, C. P. et al. Dense electron-positron plasmas and ultraintense gamma rays from laser-irradiated solids. Phys. Rev.
Lett. 108, 165006 (2012). DOI 10.1103/PhysRevLett.108.165006.
59. Nerush, E. N. et al. Laser field absorption in self-generated electron-positron pair plasma. Phys. Rev. Lett. 106, 035001
(2011). DOI 10.1103/PhysRevLett.106.035001.
60. Duclous, R., Kirk, J. G. & Bell, A. R. Monte carlo calculations of pair production in high-intensity laser-plasma interactions.
Plasma Phys. Control. Fusion 53, 015009 (2011).
61. Gonoskov, A. et al. Extended particle-in-cell schemes for physics in ultrastrong laser fields: Review and developments.
Phys. Rev. E 92, 023305 (2015). DOI 10.1103/PhysRevE.92.023305.
62. Gonoskov, A. et al. Anomalous radiative trapping in laser fields of extreme intensity. Phys. Rev. Lett. 113, 014801 (2014).
DOI 10.1103/PhysRevLett.113.014801.
63. Lobet, M. et al. Modeling of radiative and quantum electrodynamics effects in pic simulations of ultra-relativistic
laser-plasma interaction. J. Physics: Conf. Ser. 688, 012058 (2016).
64. Lobet, M. et al. Ultrafast synchrotron-enhanced thermalization of laser-driven colliding pair plasmas. Phys. Rev. Lett. 115,
215003 (2015). DOI 10.1103/PhysRevLett.115.215003.
65. Bashmakov, V. F., Nerush, E. N., Kostyukov, I. Y., Fedotov, A. M. & Narozhny, N. B. Effect of laser polarization on
quantum electrodynamical cascading. Phys. Plasmas 21, 013105 (2014). DOI http://dx.doi.org/10.1063/1.4861863.
12/16
Acknowledgements
This work is supported by the grants: HIFI - CZ.02.1.01/0.0/0.0/15 003/0000449, ELITAS - CZ.02.1.01/0.0/0.0/16 013/0001793,
Czech Science Foundation Project No. 15-02964S. and LaserLab Europe IV-GA. N. 654148 (H2020-INFRAIA-2014-2015).
The simulations were performed at clusters Eclipse (ELI Beamlines) and Salomon (IT4Innovations). The authors would like to
acknowledge the OSIRIS Consortium, consisting of UCLA and IST (Lisbon, Portugal) for providing access to the OSIRIS
framework. We thank Dr T. Grismayer for fruitful discussions.
Author contributions statement
M. V. developed the analytical model, performed the simulations and analyzed the data. O. K. and S. W. gave valuable
comments throughout the research project. G. K. provided overall project support. M. V. wrote the manuscript with input from
O. K. and S. W. All authors read the manuscript.
Additional information
Competing financial interests The authors declare that they have no competing financial interests.
13/16
Suplemental Material
A general solution for particle motion in a plane wave with arbitrary initial conditions
This section sumarises the analytical solution for relativistic particle motion in a plane electromagnetic wave with an arbitrary
initial phase presented in Ref.46. Particle energy lost due to the classical radiation reaction is included in the model.
The wave amplitude is taken to be constant, and there is no feedback on the wave itself. According to Ref46, relativistic
4-velocity within a linearly polarized wave can be expressed as:
uµ(φ) =
1
h(φ)
{
uµ0 +
1
ρ0
[h2(φ)−1]nµ − 1
ρ0
I1(φ)
e f µν1
m
u0,ν +
1
2ρ0
ξ 21 I
2
1 (φ)n
µ
}
, (6)
where ξ 21 = ξ
2 = (eE0/mω0)2, f
µν
1 = n
µaν1 −nνaµ1 , aµ1 = (0,a0,0,0)T is the normalized vector potential and nµ = (1,~n). Here,
~n is a unit vector parallel to the laser direction of motion~n || u3 and ρ0 ≡ (nu0). Einstein notation was used (a repeated Greek
index is equivalent to a summation over all dimensions and (ab)≡ aµbµ ). Functions I1(φ) and h(φ) carry the imprint of the
radiation reaction. They are expressed as:
h(φ) = 1+
1
3
αη0ξ 2 [ω0(φ −φ0)− sin(ω0φ)cos(ω0φ)+ sin(ω0φ0)cos(ω0φ0)]
I1(φ) = cos(ω0φ)h(φ)− cos(ω0φ0)− 23αη0 (sin(ω0φ)− sin(ω0φ0))×
×
[
1+
ξ 2
3
(
sin2(ω0φ)+ sin(ω0φ)sin(ω0φ0)+ sin2(ω0φ0))
)]
,
(7)
where φ0 denotes the initial phase, φ current phase of the particle within the field of the electromagnetic wave, α is the fine
structure constant, and η0 = (k0u0)/m is the wave frequency measured in the electron rest frame in units of the electron mass
m. Other quantities denote elementary charge e and electromagnetic field amplitude E0. Without radiation reaction, Eqs. (7)
reduce to
h(φ) = 1, I1(φ) = cos(ω0φ)− cos(ω0φ0). (8)
The equations (6)-(8) are presented in natural units, as in Ref.46. In those units h¯= c= 1, and the fine-structure constant is
defined by α = e2/h¯c' 1/137. We now switch to the dimensionless units more common in laser-plasma interactions. Here,
all the quantities are normalized to the laser frequency ω0, such that t → tω0, p→ p/mc, E → E /mc2, E → eE/mcω0 and
B→ eB/mcω0. In these units, ω0 = 1, λ0 = 2pi , c= 1, mass is normalized to the electron mass m and charge is normalized to
the elementary charge e. The particle equations of motion by component for the case without radiation reaction starting at
arbitrary laser phase with an arbitrary initial momentum can be written as:
γ(φ) = γ0+a0
p0,1
γ0− p0,3 I1(φ)+
1
2(γ0− p0,3)a
2
0I1(φ)
2
p1(φ) = p0,1+a0I1(φ)
p2(φ) = p0,2
p3(φ) = p0,3+a0
p0,1
γ0− p0,3 I1(φ)+
1
2(γ0− p0,3)a
2
0I1(φ)
2
(9)
We can compute the spatial displacement of the particle as a function of the phase φ . We have x3 =
∫ t
0 p3(t)/γ(t)dt =∫ φ
φ0 p3(φ)/(γ(φ)− p3(φ))dφ , where we used a relation between the phase and time dφ = dt(γ− p3)/γ to perform the change
of variables. The denominator is an integral of motion, such that γ(φ)− p3(φ) = γ0− p0,3. The spatial displacement in the
laser direction of motion is then given by:
x3 =
p0,3
γ0− p0,3 (φ −φ0)+
a0p0,1
(γ0− p0,3)2 [sinφ − sinφ0− (φ −φ0)cosφ0]
+
a20
2(γ0− p0,3)2
[
(φ −φ0)
(
cos2 φ0+
1
2
)
−2cosφ0 sinφ + 14 sin(2φ)+
3
4
sin(2φ0)
] (10)
The standard result for a particle starting at rest can be retrieved by taking γ0 = 1 and p0,1 = p0,2 = p0,3 = 0. However, our
particles are not created at rest. Electron-positron pairs are created by scattering an LWFA electron bunch with an intense laser
at normal incidence. We can assume as a first approximation that p0,1 = p0,3 = 0, but p0,2 6= 0, i.e. the particle initial velocity
is perpendicular to both the laser polarization direction x1 and to the laser propagation direction x3.
14/16
0.0
1.0
100 101 102 103 10410-110-210-310-4
RL / lpwa
0.5
1.5
0.5
0.5 1.0
0.0
0.0
RL / lpwa
  / 
   
m
ax   
/   
 m
ax
W0 = 10 μm, no RR
W0 = 10 μm, RR
W0 = 5 μm, no RR
W0 = 5 μm, RR
W0 = 3 μm, no RR
W0 = 3 μm, RR
Figure 7. Ratio of the maximum attainable energy for a focused laser E and the maximum attainable energy for the same
laser intensity in a plane wave Emax as a fuction of the ratio of the Rayleigh range RL to the acceleration length lpwa. For
0.05 < RL/lpwa < 1, one can approximate the correction of maximum energy due to the pulse focusing using the Eq. (12).
Maximum energy and plane wave acceleration length for particles initially at 90 degrees
For a particle born at 90 degrees of incidence to the laser axis with an initial Lorentz factor γ0, maximum attainable energy
according to Eqs. (9) is given by Emax = 2a20/γ0. This is achieved when I1(φ)
2 is at the maximum. For simplicity, let us
consider a particle with φ0 = 0, as an example that allows to obtain that maximum. Here, the expression for longitudinal
displacement given by Eq. (10) can be simplified:
x3 =
a20
2γ20
(
3
2
φ −2sinφ + 1
4
sin(2φ)
)
. (11)
The maximum energy Emax is reached for φ = pi , after the particle has traveled a distance of lpwa = 3a20pi/(4γ
2
0 ) or lpwa =
λ0×3a20/(8γ20 ). We define this distance as the plane wave acceleration length. If our particle would start at a different φ0 in
otherwise identical conditions, its maximum energy can be smaller or equal to Emax. For particles born at normal incidence,
the particles with the lowest initial γ0 are the ones that can attain the highest energy in the interaction with the plane wave
(because Emax ∝ γ−10 ). However, one should note here that the higher energy gain is possible due to the slower dephasing,
and the plane wave acceleration length is reversely proportional to the square of the initial energy lpwa ∝ γ−20 . Such particles,
therefore, propagate a longer distance before reaching the Emax.
Correction of the maximum energy due to the pulse focusing
The maximum energy and the acceleration length in the previous section are valid for a plane wave interaction. However, the
lasers are not plane waves, and the laser de-focusing affects the acceleration. Particles are expected to attain an energy cutoff
similar to Emax in a focused laser only if RL lpwa, where RL = piW 20 /λ0 is the Rayleigh range, W0 and λ0 are the laser waist
and the wavelength respectively. If RL ' lpwa, we require an estimate on how the laser de-focusing affects the acceleration. To
this end, we perform a series of test particle simulations, where the particles are initialized with the most favourable phase for
the highest energy gain within the shortest propagation distance. The test particles are born at the laser central axis, in focus, at
φ0 = 0 of the wave. The 3D analytical expression for the fields of the focused laser pulse is taken from Ref.48. We varied the
laser intensity, and the initial particle energy is chosen according to γ0 = 5×104/a0 to be consistent with the lowest available
energy expected in the system.
The results displayed in Fig. 7 correspond to a range of laser intensities between a0 = 100 and a0 = 4000 and three different
waist sizes: W0 = 3.2 µm, W0 = 5 µm and W0 = 10 µm. For every example, the maximum energy attained by the particle born
in the laser focus with φ0 = 0 is divided by the maximum energy such a particle could attain in a plane wave. An interesting
point to note here is that the differences between the case with and without radiation reaction are not strongly pronounced.
This is consistent with the fact that a quickly acquired parallel component of the momentum reduces the χe and the radiation
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reaction stops being relevant for the particle dynamics. Figure 7 indicates that the ratio E /Emax is a function of RL/lpwa and for
RL/lpwa < 1 this can be approximated as:
E
Emax
= 0.5
√
RL
lpwa
(12)
For RL/lpwa > 10, we consider the condition RL lpwa satisfied and E ' Emax. For lpwa < RL < 10 lpwa, Eq. (12) is not a good
estimate, due to its value being on the same order of Emax. For lpwa < RL < 10 lpwa, the maximum energy takes values between
Emax/2 and Emax.
Equation (12) shows the defocusing correction for the maximum energy of a particle born in the very centre of the laser
field. We can assume that for an arbitrary particle born anywhere in the laser field (with the same γ0), the effective interaction
length cannot be more than twice the value for the particle born in the centre. As the effective interaction length is proportional
to RL, we should not expect to obtain particles with energies higher than
E
Emax
= 0.5
√
2RL
lpwa
. (13)
Full-scale 3D simulations in the main manuscript are in very good agreement with the predictions for the cutoff of the particle
energy spectrum given by Eq. (13).
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